ABSTRACT. We examined the effects of selective timber logging carried out by local indigenous people in remote areas within indigenous territories on the mammal populations of the Yavari-Mirin River basin on the Peru-Brazil border. Recent findings show that habitat change in the study area is minimal, and any effect of logging activities on large mammal populations is highly likely to be the result of hunting associated with logging operations. We used hunting registers to estimate the monthly and yearly biomass extracted during timber operations and to calculate the catch per unit effort (CPUE) in subsistence hunting in the community of Esperanza 2 to 5 years before logging activities started and 4 to 7 years after logging began. We also used line transects and the distance method to estimate animal densities before and after logging. We found that 1389 hunted animals and 27,459 kg of mammal biomass were extracted per year from logging concessions. CPUE for ungulates declined; however, it increased for other mammal orders, such as rodents and primates, indicating a shift to alternative prey items. Although collared peccaries (Pecari tajacu) and tapirs (Tapirus terrestris) may also have declined in numbers, this shift may have been caused by a possibly natural population crash in white-lipped peccaries (Tayassu pecari) that coincided with the logging periods. We found no evidence that populations of primates were reduced by the logging activities. Because primates are sensitive to hunting, and their populations were of principal concern as logging commenced, this indicates that these forests remain of high conservation value. The unusual socioeconomic situation of these remote territories may mean that they are compatible with wildlife conservation in the Yavari-Mirin basin.
INTRODUCTION
Timber extraction is widespread in humid tropical forests. In Peru, timber concessions are granted by the government to facilitate the selective extraction of the most commercial species. Legal extraction from these concessions requires plans for reforestation, minimizing the socio-cultural effect on the local people and the biological effect on the environment (MINAG 2009) . Although many studies have explored the social, economic, and ecological effects of timber concessions (Uhl et al. 1991 , Verissimo et al. 1992 , Watson 1996 , Lescuyer et al. 2012 , most have focused on the effects on lumber species targeted for extraction, and relatively few on game and other wildlife species (Rist et al. 2011) . However, it has been repeatedly shown that timber operations cause widespread negative effects on wildlife populations, including population declines and local extinctions, as well as other effects such as infant malnutrition, abandonment, and mortality (Thiollay 1992 , Marsden 1998 , Meijaard et al. 2006 . This is thought to be, in part, an indirect result of deforestation and habitat destruction. Deforestation and disturbance may also result in forest fragmentation, with subsequent wildlife isolation by reducing the available habitat and limiting connectivity, causing a reduction in suitable habitat for certain species as a result of the "edge effect" (Laurance et al. 2000 , Broadbent et al. 2008 . Nevertheless, to our knowledge there is no information on the ecological effect of logging activities carried out by local indigenous people in remote areas within the framework of timber concessions or within indigenous territories.
In the Amazon, logging operations on timber concessions, indigenous territories, and surrounding areas are often associated with an increase in hunting pressure (Robinson et al. 1999) . Timber companies rely on bushmeat hunting for subsistence and financial income, and employees of these companies are encouraged to hunt to offset the debt incurred by the companies until they are able to sell the lumber (Bodmer et al. 1988 , Robinson et al. 1999 . Because financial gain is an important driving force for timber companies, lumbermen often hunt the large primates for subsistence and sell the more economically valuable bushmeat of lowland tapir (Tapirus terrestris), brocket deer (Mazama spp.), and peccary (Pecari tajacu and Tayassu pecari) to urban markets. Thus, hunting promoted by timber operations may cause rapid declines in primate and tapir populations because these are mammals with slow reproductive rates (Pukazhenthi et al. 2013 , Bowler et al. 2014 ).
We examined the effects of selective timber logging on the mammal populations of the Yavari-Mirin basin, a remote area on the Peru-Brazil border. The Yavari basin harbors a high diversity of mammals. Of up to 150 mammal species, 14 are primates (Salovaara et al. 2003) , and 27 are threatened species . This biodiverse region has been compromised by several economic booms and busts produced by more than a century of resource extraction, including rubber, timber for fine-grade furniture, rosewood oil for perfume, and jaguar (Panthera onca), otter (Pteronura brasiliensis), and peccary pelts. Following the 1970s, the human population began to decline in the Yavari because the resources were exhausted and a deadly outbreak of endemic, chloroquineresistant malaria hit the region in 1995 .
The Yavari-Mirin basin, feeding the middle section of the Yavari River, is an extremely diverse landscape, ranging from upland forests with nutrient-poor sandy soils to flooded forests with Fig. 1 . Map of the study area, including the sampling sites before and after logging operations, the Yavari and Yavari-Mirin Rivers, the local community of Nueva Esperanza, the Lago Preto Paredon Conservation Concession, the Tamshiyacu-Tahuayo Regional Conservation Area, and the forestry concessions.
relatively nutrient-rich soils (Pitman et al. 2003) . The only village still occupied in the Yavari-Mirin is Nueva Esperanza (04°19′53″ S, 71°57′33″ W; Fig. 1) , with a population of 281 persons. The main human activities are traditional small-scale agriculture, though domestic animals are scarce; fishing; logging; and subsistence hunting.
In 2004, the Peruvian government issued timber concessions that covered large areas of the Yavari-Mirin basin. Timber extraction in forest concessions was carried out on a medium scale and with minimal mechanization. Lumbermen used chain saws and axes to harvest timber and shotguns and machetes to hunt, and, rather than cutting long roads through the forest, they cut short paths to reach small uplands streams, which they then used to float the timber downstream. Parallel to the timber concessions, concessionaries promoted logging activities by local indigenous people within communal territories. Logging in this region was selective, with only the most economically valuable species extracted, because of the area's isolation from the urban markets of Iquitos and Leticia (Fig. 2) . Initially, after the establishment of timber concessions, the most targeted species was the highly commercial species Cedrela odorata, but in the following years, timber operations focused on the lower value commercial species (Fig. 2) Loreto-Perú, personal communication) . http://www.ecologyandsociety.org/vol20/iss4/art36/ Yavari-Mirin basin (Mercado 2012) showed that forest cover in the 192,266-ha area ranged from 99.0% to 99.4%, and disturbed areas from 0.6% in 2000 to 0.8% in 2010. During the 2000-2005 period, the rate of loss of forest cover was 201 ha/year (deforestation rate of 0.10%), and for the period 2005-2010, it was 117 ha/year (deforestation rate of 0.60%). In 2010, the total disturbed area was 0.8% of the entire area. Most of this very minor change in forest cover was because of logging camps and associated agriculture and is indicative of a very selective logging regime focused on high-value species and leaving a relatively intact forest canopy and no signs of fragmentation.
Selectively logged forests are often considered "degraded," and in Peru and other Amazonian countries, they are often converted to other land uses, such as plantations, agriculture, or urban areas (Xingli et al. 2011) . However, the scientific community is now reconsidering the environmental value of modified habitats, including secondary forests and selectively logged forests (Sheil and Meijaard 2010 , Miller et al. 2011 , Putz et al. 2012 . A growing body of evidence that these habitats can be valuable for biodiversity conservation has spurred a paradigm shift toward protecting these so-called degraded habitats (Sodhi et al. 2005 , Barlow et al. 2007 , Edwards et al. 2011 , Gibson et al. 2011 , Slade et al. 2011 . We compare hunting and large mammal populations in the forests of the Yavari-Mirin basin before and after timber operations began to understand the effects that selectively logged indigenous territories in remote areas have on large mammals.
METHODS

Hunting registers
Local villagers registered all prey hunted during both subsistence and logging activities, in 2 separated areas within their own territory (Fig. 1) . The community's subsistence hunting activities were concentrated in an area of 422 km², which included forest patches, secondary forest, and house gardens or fields, and hunting during logging activities was concentrated within 1500 km² of continuous forest (Fang et al. 2008) . Whereas subsistence hunting in the communal hunting area occurs year-round, loggerhunters hunt for only 4 months during the rainy season because logs are extracted via streams when water levels are high. We recorded the extraction of bushmeat in logged areas to measure the extent of the hunting pressure and used before and after measures of catch per unit effort (CPUE) in community hunting areas to measure changes in game abundance.
Bushmeat extraction in logged areas
Within the indigenous territory, 15 logging camps were identified, with 11.6 ± 4.2 persons per camp (including 2 hunters per camp), totaling 174 persons working in the whole area (603 km²). The season for Cedrela odorata lasts on average for 4 months per year. Harvest data from 5 (33.3%) timber concessions were collected using registers from 10 local hunters between 2011 and 2014, 6 to 10 years after timber operations began. A total of 326 days of hunting registers were surveyed. There was no commercial timber activity before 2004. We estimated the monthly and yearly biomass extracted during timber operations and weight of bushmeat consumed by loggers, using the total number of individuals and weight of each extracted species Dolman 2000, Bardales García et al. 2004) .
Catch per unit area in communal hunting areas
Harvest data from normal subsistence hunting in the community of Esperanza were gathered using hunting registers with 41 participating hunters between 1999 and 2002, 2 to 5 years before timber operations began, recording 1699 collective hunting days, and again between 2008 and 2011, 4 to 7 years after timber operations began, with 8 hunters recording 546 collective hunting days. Hunting registers included the number, species, and sex of hunted animals, as well as day and site of hunting. For registers between 2008 and 2011, to ensure that days on which no kills were made were registered in the effort, we interviewed the 8 hunters keeping hunting registers to estimate their hunting frequency. The difference between this total number of hunting days and the number recorded hunting registers was used to estimate the frequency of unsuccessful hunts and to adjust the total number of hunting days. Between 1999 and 2002, the method differed slightly in that nonsuccessful hunting days were recorded directly in the registers. CPUE was calculated for each mammal species from data pooled from all sampled hunters using the following formula: CPUE = number of kills/100 hunting days.
Density and abundance of mammal populations
Large mammal populations were surveyed in the Yavari-Mirin River between 1992 and 1999 (survey 1), 5 to 12 years before the timber operations began, and again between 2011 and 2014 (survey 2), 7 to 10 years after timber operations began (Fig. 1) . Before logging operations began, sites in the mid-and upper sections of the Yavari-Mirin were surveyed, but after logging operations began, logistics only permitted surveys in the midsection of the river. In each period, 20 trails of approximately 5 km were cut prior to the surveys, and each was walked multiple times. A total of 939 km and 1607 km of survey effort was accrued in surveys 1 and 2, respectively. The distance sampling method was used (Buckland et al. 1993) , in which 1 or 2 observers walked transects between 0700 and 1500 hours. When a group of animals was encountered, the number of individuals was recorded, and the perpendicular distance from the trail to the first individual sighted was measured. The data were analyzed using Distance 4.0 and 6.0 software. Population densities were calculated (number of individuals/100 km²), but for species with fewer than 8 observations, this was substituted with an abundance index (number of individuals/100 km).
RESULTS
Hunting registers
Bushmeat extraction in logged areas
Hunting in concession forests and logged indigenous territories is concentrated within the 4 months of active logging typically possible in a year. Between 2012 and 2014, 1389 hunted animals and 27,459 kg of mammal biomass were extracted per year. The daily rate of bushmeat consumption by workers was 1.44 ± 0.45 kg (corresponding to 502 g of meat) per person. Daily bushmeat consumption in the whole study area, 174 workers in 15 logging camps, was 246.1 kg. Ungulates were the most hunted, making up 45.4% of individuals and 78.9% of biomass extracted (Table  1) . However, the mammal most frequently hunted animal during logging activities in the Yavari-Mirin in terms of the number of individuals was a rodent, the paca (Cuniculus paca; Table 2 ). The species making up the greatest biomass of extracted animals was Ecology and Society 20(4): 36 http://www.ecologyandsociety.org/vol20/iss4/art36/ the collared peccary (P. tajacu), very closely followed by the lowland tapir (T. terrestris). The tapir provides a large amount of meat, and although the number of individuals hunted was low relative to other species, an estimated 1 tapir was killed every 2 days in the 15 logging camps. The red brocket deer (Mazama americana) and the Poeppig's woolly monkey (Lagothrix poeppigii) were also frequently hunted. Most other species, including other primates, large rodents, edentates, marsupials, and carnivores, were rarely hunted during logging activities. Notably, the white-lipped peccary (T. pecari) did not appear in the hunting registers, following the unexplained and almost complete disappearance of the herds at an early stage of logging activity (Fang et al. 2008) . Catch per unit area in communal hunting areas CPUE for all species combined declined in the communal hunting area of Esperanza from 131.6 individuals per 100 hunting days for the period 1990 to 1999 to 76.1 individuals per 100 hunting days for the period 2007 to 2011, indicating that more days hunting were required to kill similar numbers of animals. CPUE declined drastically for ungulates (Fig. 3A) , largely accounted for by the almost complete disappearance of the white-lipped peccary, and CPUE also declined for the other ungulates (Fig.  3B) , with kill rates for the tapir and the collared peccary between 2007 and 2011, falling to 26% and 39%, respectively, of what they were between 1990 and 1999. Conversely, the numbers of rodents and primates and other groups killed per days hunting increased, with kill rates of the large rodent paca increasing by 4.5 times between the 2 periods. For the already targeted woolly monkey, CPUE remained similar, but for other primates, including the vulnerable red uakari monkey (Cacajao calvus), CPUE increased.
Comparison of mammal populations before and after timber operations began
Although we cannot measure population change directly because of differences in sampling area, the densities calculated for the mid-and upper sections of the Yavari-Mirin before the logging operations (survey 1) provide a baseline for the area under conditions of very low hunting pressure with which we can usefully compare densities calculated for the midsection of the Yavari-Mirin after several years of logging activity (survey 2; Table 3 ). The large atelid primates (Lagothrix, Ateles, and Alouatta) were all found at higher densities in survey 2 than survey 1, whereas calculated densities for small-and medium-bodied primates were similar or lower. Thus, we found no evidence for lower than expected populations of the most hunted primates Lagothrix and Ateles in the midsection of the river in survey 2. Densities of ungulates did differ between survey 1 and survey 2. Although densities of brocket deer were very similar, the recorded densities of white-lipped peccaries, collared peccaries, and tapirs were 4.6, 5.1, and 6.2 times lower, respectively. In the case of the white-lipped peccary, the drop in densities mirrored the near absence of the species in hunting registers from 2005 onward. For the collared peccary and the tapir, it was not clear whether the difference in recorded density was because of normal variation in animal distribution or whether the population had been affected by hunting. Caution must therefore be exercised in interpreting the data as a decline in population size.
DISCUSSION
The Yavari-Mirin region is one of the most remote areas in the Peruvian Amazon. Beyond the current selective extraction of timber, human pressure from hunting and habitat change is low. This area offers the large, intact, and continuous landscape necessary for the long-term viability of species that exist in increasingly fragmented populations, including globally threatened species such as the red uakari monkey (C. calvus), the jaguar (P. onca), and the giant river otter (P. brasiliensis). The Yavari-Mirin not only represents an important area for biodiversity conservation, but is also an important source area for game animals for the Orosa, Maniti, Tamshiyacu, Tahuayo, http://www.ecologyandsociety.org/vol20/iss4/art36/ Yarapa, Gálvez, and Yaquirana Rivers. The sustainable hunting by local people residing along these rivers depends on the production of wildlife in the Yavari-Mirin basin. There is potential for the effects of timber activities to compromise this source-sink system, resulting in significant economic and sociocultural costs for the rural people. It is estimated that if this were to occur, the Department of Loreto, in the northeastern Peruvian Amazon, would lose 25% of its current benefits from natural resource use .
In a spatial analysis of the same study area, Mercado (2012) reported a low deforestation rate of 0.10% and 0.60% for the periods 2000-2005 and 2005-2010 , respectively. These results suggests that selective logging activities conducted by the local indigenous people are not causing a great effect on the forests of the Yavari-Mirin basin, and there are no signs of forest fragmentation that could affect the large mammal populations through wildlife isolation by reducing the available habitat and limiting connectivity. These recent findings show that habitat change is minimal, and any effect of logging activities on large mammal populations is therefore highly likely to be the result of hunting associated with logging operations.
The harvest data we collected concur with those collected during previous studies, which have found that the most frequently hunted species on the timber concessions are the paca, the collared peccary, and the brocket deer, some of the species most suitable for bushmeat hunting (Townsend 2000) . Ungulates are the most hunted group, representing 45.4% of individuals and 78.9% of biomass. The harvest rate of the lowland tapir is relatively low compared with other areas (Bodmer and Pezo Lozano 2001) , but because the species lives at very low and hard-to-survey densities, it is hard to determine what kind of effect these rates will have at the population level. The primary concern regarding timber concessions is that logging often facilitates bushmeat hunting, the effects of which could be far greater than those of habitat disturbance (Robinson et al. 1999 ). In the Yavari-Mirin basin, harvest rates, including harvests in both the logging concessions and communities, are still lower than in other areas with a higher human presence, such as the Tamshiyacu-Tahuayo Regional Conservation Area (Bodmer and Pezo Lozano 2001) .
Care must be taken when interpreting CPUE because it does not always reflect abundance. Selection may occur during hunting, and species living in large groups may be more or less captured in relation to solitary or cryptic species (Maunder et al. 2006, Millner-Gulland and Rowclife 2007) . However, the dramatic drop in the CPUE of the white-lipped peccary certainly reflects the population crash in this species, and kill rates of the other ungulates in the subsistence hunting of the community of Esperanza also dropped considerably. For other species, however, CPUE increased. This is consistent with hunters switching to alternative prey items, such as primates and rodents, when the preferred ungulates are not available. The population decline of the white-lipped peccary may be a natural phenomenon; the species has been found to experience large fluctuations in population size roughly every 10 years, and a very low population has been recorded since 2005 (Fang et al. 2008 ). This may have been exacerbated by a recent large-scale decline in the whitelipped peccary population throughout northern South America (Altrichter et al. 2012) , for which nonanthropogenic causes, including disease, could be implicated (Fragoso 2004 , RichardHansen et al. 2013 . The decline of the white-lipped peccary, rather than hunting in logging concessions, may be the principal driving force behind the switch in prey species. In the case of the tapir, further caution should be exercised in interpreting the http://www.ecologyandsociety.org/vol20/iss4/art36/ Table 3 . Density and abundance of the most common large mammals of the Yavari-Mirin basin before and after timber operations began (surveys 1 and 2, respectively). recorded changes in abundance because behavioral changes, such as increased nocturnal activity, can occur in response to hunting (Eisenberg 1989) , which makes detection less likely in surveys, thereby leading to underestimation of population size.
One of the main concerns prior to the logging operations was the risk of population decline of species sensitive to hunting because of low reproductive rates and low population densities, such as the ateline primates and the lowland tapir. The drops of 2.8 and 3.6 times in CPUE for the collared peccary and lowland tapir, respectively, are reflected by differences of 5.1 and 6.2 times in densities, calculated by the distance method, between our baseline calculations from before the logging and the densities calculated for the middle basin after several years of extraction. Although there is no evidence for effects of logging on the densities of other species, the shift in species hunted in Esperanza is something that should be considered carefully.
In the case of the primates, which are considered extremely vulnerable to overhunting because of their slow reproductive rate (Bowler et al. 2014) , apparently healthy populations were found in surveys after several years of logging. Population data for Poeppig's woolly monkey, despite being one of the most commonly harvested game species on timber concessions in the Yavari-Mirin basin, did not suggest any negative effects on this species thus far. Several other studies have found stable or increased populations of primates (Ganzhorn 1995 , Champan et al. 2000 and ungulates (Davies et al. 2001) in selectively logged forests, as well as carnivores that prey on these species (Rayan and Mohamad 2009, Tobler et al. 2013) . The red uakari monkey is of key conservation concern because it has a patchy distribution along the rivers of the Yavari-Mirin basin and throughout its range (Bowler et al. 2013) . The irregular distribution of this monkey means we cannot make inferences based on the densities or abundance calculated from the surveys; however, because hunters do not appear to be harvesting this species during timber operations, it is probable that populations have not been affected. Nevertheless, sharp declines in the populations of this species in other areas (Bowler et al. 2009 ) where logging operations have occurred urges caution in predicting population trends for this species.
In source areas that provide influx of game to other areas, the effects of logging activity are of particular concern. The Yavari is a large and very remote source area for a large part of eastern Loreto, and it is furthermore surrounded by source areas in Brazil, i.e., Vale do Javari Indigenous Reserve, and Peru, i.e., Matses National Reserve and Zona Reservada Sierra del Divisor. We find that ecological effects of timber activities on wildlife in the YavariMirin basin may not be as severe as initially expected. This may be related to the unusual socioeconomic context of these timber concessions. Perhaps most important in terms of the conservation implications is that in other timber concessions, the sale of bushmeat provides lumbermen with a necessary alternative income until they are able to sell timber, which can take up to a year of unpaid work. However, the sale of bushmeat from timber activities in the Yavari-Mirin basin is restricted by the number of military posts scattered throughout the region because of its http://www.ecologyandsociety.org/vol20/iss4/art36/ location along the Peru-Brazil border. Dominating the area are Brazilian military posts, which enforce Brazilian law on the nearby timber concessions and prohibit the sale of bushmeat. The commercialization of bushmeat originating from the YavariMirin basin is therefore limited, restricting hunting on timber concessions to largely subsistence levels. These factors mean that postlogging, the Yavari-Mirin basin can likely continue to act as a source area for large parts of Loreto, representing a large, but hard-to-calculate economic value and also providing subsistence hunting for local people. Add to this the area's undoubted value in carbon stores (Asner et al. 2014 ) and biodiversity (Pitman et al. 2003) , as well as healthy populations of key species of conservation concern such as the giant river otter (P. brasiliensis; Recharte Uscamaita and Bodmer 2010) and the red uakari monkey (Cacajao calvus; Bowler et al. 2013) , and it is clear that the the Yavari-Mirin basin retains considerable conservation value despite the ongoing logging operations.
CONCLUSION
Previous studies have revealed negative effects of selective logging on wildlife populations (Rist et al. 2011 ). However, conservationists should not dismiss the environmental value of selectively logged forests. The effects of timber operations on wildlife vary from species to species depending on the intensity of logging and the degree of incidental damage caused, the extent to which timber species provide food for wildlife, and whether the timber operations facilitate hunting of particular wildlife species (Johns 1992 , Struhsaker 1997 , Oates 2004 . Our study area is remote and has a high diversity of mammal communities, low human population density, and a consequently low hunting pressure. In remote areas that are important as sources for dispersing game animals, it is possible that these areas can continue to act as source areas after being selectively logged. Although we describe the effect of logging activities by local communities within their territory, these results may be extrapolated with caution to those within timber concessions because local people are usually contracted to extract timber in these areas. We suggest that although there is some evidence that populations of some ungulate species may have declined, these populations likely have the potential to recover (Mayor et al. 2009) , and selective logging in timber concessions promoted by the Peruvian government may still be compatible with wildlife conservation, as long as socioeconomic factors in the areas allow. The very low human population in the Yavari region, and the highly seasonal nature of the logging activity, limits periods of elevated hunting. However, the reality may be drastically different elsewhere. For example, in areas with a higher human population, intensive logging, or commercial bushmeat hunting, specific studies will be needed to evaluate the effect of timber activities on wild mammal populations in each area. We add to the increasing evidence that selectively logged forests around the world remain valuable for wildlife. They are important habitats for endangered species and retain a relatively high level of biodiversity (Chapman et al. 2000 , Berry et al. 2010 , Edwards et al. 2011 , Ramage et al. 2013 , and they are economically valuable as a source of meat and other nontimber forest products (Rist et al. 2011) . As timber concessions cover an increasing area of tropical forests, wildlife conservation will depend on the management of selectively logged forests, together with the preservation of intact primary forests.
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